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A b s t r a c t  

Among t h e  c o n c e p t s  b e i n g  c o n s i d e r e d  f o r  
f u t u r e  E a r t h - t o - o r b i t  t r a n s p o r t  v e h i c l e s  are 
f u l l y  r e u s a b l e  s i n g l e - s t a g e  s y s t e m s  which t a k e  
o f f  v e r t i c a l l y  and l a n d  h o r i z o n t a l l y .  B e c a u s e  
t h e s e  v e h i c l e s  c a r r y  t h e i r  own p r o p e l l a n t  i n t e r -  
n a l l y ,  t h e y  are much l a r g e r  t h a n  t h e  p r e s e n t  
S p a c e  S h u t t l e  O r b i t e r .  One such  s i n g l e - s t a q e  
v e h i c l e  u n d e r  s t u d y  is t h e  c i r c u l a r  body c o n f i g u -  
r a t i o n  which h a s  t h e  a d v a n t a q e s  of s i m p l e  s t r u c -  
t u r a l  d e s i g n  and l a r g e  volume-to-weight  ra t io .  
A s  p a r t  of  an o v e r a l l  e v a l u a t i o n  of t h i s  c o n f i g u -  
r a t i o n ,  a series of h e a t  t r a n s f e r  and s u r f a c e  
f l o w  tes ts  were c o n d u c t e d .  The phase-change  
p a i n t  and o i l - f l o w  tests were per formed i n  t h e  
L a n a l e y  31-Inch Mach-IO Tunnel  a t  a n g l e s  of 
a t t a c k  from 20 t h r o u g h  40 d e g r e e s  i n  5 - d e g r e e  
i n c r e m e n t s .  H e a t - t r a n s f e r  c o e f f i c i e n t  d a t a  a r e  
p r e s e n t e d  for a l l  a n g l e s  of a t t a c k  and d e t a i l e d  
o i l - f low p h o t o q r a p h s  a r e  shown f o r  windward and 
l e e w a r d  s u r f a c e s  a t  25 and 40 d e g r e e s  a n q l e  of 
a t t a c k .  I n  many ways, h e a t i n g  was s i m i l a r  t o  
t h a t  p r e v i o u s l y  d e t e r m i n e d  for t h e  S h u t t l e  
O r b i t e r  so t h a t ,  i n  a c u r s o r y  s e n s e ,  e x i s t i n g  
t h e r m a l  p r o t e c t i o n  s y s t e m s  would a p p e a r  t o  b e  
a d e q u a t e  f o r  t h e  proposed  c i r c u l a r - b o d y  
c o n f i g u r a t i o n s .  

I n t r o d u c t i o n  

Weight  is v e r y  c r i t i c a l  t o  t h e  o v e r a l l  
s y s t e m  e f f i c i e n c y  of E a r t h - t o - o r b i t  t r a n s p o r t  
v e h i c l e s .  For  e v e r y  k i l o g r a m  of s t r u c t u r a l  
weight  s a v e d  i n  a s i n g l e - s t a g e  v e h i c l e ,  o v e r a l l  
w e i g h t  can  be r e d u c e d  by a p p r o x i m a t e l y  35 k i l o -  
grams.  S i n c e  a c i r c u l a r  c r o s s - s e c t i o n  body is 
one  of  t h e  most e f f i c i e n t  s t r u c t u r a l  s h a p e s ,  t h i s  
c o n f i g u r a t i o n  was s e l e c t e d  f o r  i n v e s t i g a t i o n  and  
is t h e  s u b j e c t  of t h i s  h e a t i n g  s t u d y .  

P l a n f o r m  l o a d i n g  and s u r f a c e  c u r v a t u r e  a r e  
i m p o r t a n t  f a c t o r s  i n  e n t r y  h e a t i n g .  S i n c e  
E a r t h - t o - o r b i t  t r a n s p o r t s  proposed  f o r  t h e  f u t u r e  
do n o t  have e x p e n d a b l e  e x t e r n a l  f u e l  t a n k s .  t h e s e  
v e h i c l e s  w i l l  he  large even  i n  compar ison  t o  t h e  
Space  S h u t t l e  O r b i t e r  and will p r i n c i p a l l y  
c o n s i s t  of  v e r y  l a r g e  i n t e g r a l  t a n k s  t o  c a r r y  
p r o p e l l a n t  for t h e  main r o c k e t  e n g i n e s .  I n  
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c o n t r a s t  t o  t h e  S h u t t l e  O r b i t e r .  t h e  c a r g o  and 
crew compar tments  make up a v e r y  small f r a c t i o n  
o f  t h e  i n t e r n a l  volume (and  w e i g h t )  of t h e  v e h i -  
cle. As a consequence  of its l a r g e  size and low 
e n t r y  w e i g h t  ( r e l a t i v e  t o  s i z e ) ,  t h e  p l a n f o r m  
l o a d i n g  for t h i s  f a m i l y  of v e h i c l e s  at  e n t r y  is 
low. A c i r c u l a r  body v e h i c l e  (CBV), for example ,  
s i z e d  t o  r e t u r n  a 30,000 kg p a y l o a d ,  h a s  a n  e n t r y  
p l a n f o r m  l o a d i n g  a p p r o x i m a t e l y  26 p e r c e n t  lower 
t h a n  t h e  S h u t t l e .  
f o r  such  a CBV c o n f i g u r a t i o n  would be  60-m l o n g ,  
10-m d i a m e t e r ,  and a 40-m wing s p a n .  

Some a p p r o x i m a t e  d i m e n s i o n s  

I n  a d d i t i o n  t o  t h e  u s e  of a s i m p l e  c i r c u l a r  
cross s e c t i o n  for  most of t h e  body,  no canopy 
would be p r o v i d e d  for  t h e  p i l o t s  and crew. 
I n s t e a d .  t h e  crew compartment  and p a y l o a d  bay 
would he l o c a t e d  i n  t h e  mid f u s e l a q e .  F l u s h  
v i e w i n g  p o r t s  c o u l d  be used  f o r  o n - o r b i t  
v i s i b i l i t y  w h i l e  a n o s e  g e a r  d e p l o y e d  TV camera  
and a u t o - p i l o t  would be  employed f o r  l a n d i n g .  

With t h e s e  major d i f f e r e n c e s  i n  s h a p e  and 
p l a n f o r m  l o a d i n g  as a background,  t h e  o b j e c t i v e  
o f  t h i s  s t u d y  is t o  d e t e r m i n e  t h e  v i a b i l i t y  of a 
c i r c u l a r  c r o s s - s e c t i o n  body f o r  t h e  E a r t h - t o -  
o r b i t  t r a n s p o r t  a p p l i c a t i o n  from t h e  s t a n d p o i n t  
of  h e a t i n g .  A s  p a r t  of  a l a r g e r  o v e r a l l  i n v e s t i -  
g a t i o n  of t h e  CRV c o n f i g u r a t i o n ,  b o t h  p h a s e -  
chanqe  p a i n t  and oil-flow t e c h n i q u e s  were 
u t i l i z e d  t o  i d e n t i f y  s u r f a c e  flow p a t t e r n s  and 
h e a t i n g - r a t e  d i s t r i b u t i o n s  a t  Mach IO, and t h e s e  
r e s u l t s  a r e  p r e s e n t e d  h e r e .  

Symbols 

C s p e c i f i c  h e a t  of model m a t e r i a l ,  3/kg-K 

f c o r r e c t i o n  f a c t o r  for h e a t - t r a n s f e r  
c o e f f i c i e n t  on l e e w a r d  t h i n  s e c t i o n s  ; 
see F i g .  2. 

h local h e a t - t r a n s f e r  c o e f f i c i e n t ,  W/m-K 

h0 s t a g n a t i o n  h e a t - t r a n s f e r  c o e f f i c i e n t  
o n  a s c a l e d  1-foot r d i u s  s p h e r e  i n  
t h e  freestream, W/cm K 

t h e r m a l  c o n d u c t i v i t y  of  model material, 
W/m-K 

L model l e n g t h ,  m 

M f r e e s t r e a m  Mach number, d i m e n s i o n l e s s  

N R e  Reynolds  number, m - l  
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P r a n d t l  number, d i m e n s i o n l e s s  

h e a t i n q  ra te ,  W/m2 

r a d i u s ,  m 

r e c o v e r y  fac tor ,  d i m e n s i o n l e s s  

time, s 

t e m p e r a t u r e ,  K 

t e m p e r a t u r e  r a t i o  d e f i n e d  by Eq. ( 2 )  

l o n g i t u d i n a l  d i s t a n c e  from model n o s e .  
m 

s p a n w i s e  d i s t a n c e  from model 
c e n t e r l i n e .  m 

a n g l e  a t t a c k  or t h e r m a l  d i f f u s i v i t y ,  
d e g r e e s  or m 2 / s  

d e f i n e d  by Eq. ( 1 ) .  W-s1/ ' /m2-K 

r a t i o  of s p e c i f i c  h e a t s  for a i r  

a n g l e  shown i n  F i g .  19, d e q r e e s  

model material d e n s i t y ,  kg/m3 

Su b s c r  i p t s 

aw a d i a b a t i c  wall 

€ c e n t e r l i n e  

i i n i t i a l  

0 s t a g n a t i o n  v a l u e  

OD f r e e s t r e a m  v a l u e  

Models 

The 0 . 0 0 5 5 - s c a l e  S t y c a s t  
tests is shown i n  F i g s .  l ( a ) ,  

model used  i n  t h e s e  
( b ) ,  ( c ) ,  and ( d ) .  

( S t y c a s t  is a p r o d u c t  of Emerson and Cuming. 
I n c . )  Its o v e r a l l  l e n g t h  from n o s e  t o  e l e v o n  
h i n g e  l i n e  is 33.02 an, and t h e  nose  r a d i u s  is  
0.64 cm. The o g i v e  f o r e b o d y  s e c t i o n  is formed 
u s i n g  a c o n s t a n t  r a d i u s  of 23.88 an c e n t e r e d  on a 
l i n e  p e r p e n d i c u l a r  to  t h e  v e h i c l e  body a x i s  a t  
x / L  = 0.31 .  
t h e  body (2.745-an r a d i u s )  e x t e n d s  from x/L = 
0.31 t o  0.54.  
body t r a n s i t i o n  s e c t i o n  is s t a r t e d .  The c o n s t a n t  
r a d i u s  c i r c u l a r  cross s e c t i o n  c o n t i n u e s  t o  t h e  
b a s e  of t h e  model ,  and it is b l e n d e d  to  t h e  wing 
by f l a t  v e r t i c a l  s u r f a c e s .  

The c o n s t a n t  c y l i n d r i c a l  p o r t i o n  of 

A t  t h e  l a t t e r  s t a t i o n ,  t h e  wing- 

The wing is a c l i p p e d  d e l t a  d e s i g n  w i t h  a 
4 7 - d e g r e e  l e a d i n q  e d g e  sweep and a z e r o - d e g r e e  
t r a i l i n g  e d g e  sweep. Wing i n c i d e n c e  is 1.5-  
d e g r e e s ,  and t h e  d i h e d r a l  is 7 d e g r e e s .  The 
b a s i c  wing a i r f o i l  s h a p e  is a NACA-0010-64 and is 
c o n s t a n t  from root t o  t i p .  For  t h e s e  h e a t i n g  
tests. however ,  t h e  wing was t h i c k e n e d  t o  improve 
t h e  s e m i - i n f i n i t e  s l a b  a p p r o x i m a t i o n  imposed by 
t h e  h e a t i n g  a n a l y s i s  and t o  p r o v i d e  i n c r e a s e d  
r e s i s t a n c e  t o  s t r u c t u r a l  damage due  to  t h e r m a l  
stresses. T h i s  t h i c k e n i n g  s t a r t s  on t h e  w i n g ' s  
u p p e r  s u r f a c e  a t  t h e  maximun c h o r d  t h i c k n e s s  and 

e x t e n d s  t O  t h c  t r a i l i n q  edge as shown i n  F i g .  
l ( b ) .  
s i d e d  wedges w i t h  rounded l e a d i n g  e d g e s  t h a t  are 
swept  a t  3 0 - d e g r e e s ,  have  an o u t b o a r d  c a n t  a n g l e  
o f  10 d e g r e e s ,  and a toe a n g l e  o f  1.5 d e g r e e s .  
Both w i n g - t i p  f i n s  have  a t r a i l i n g  e d g e  t h i c k n e s s  
of 0.3175 an, b u t  t h e  l e a d i n g  edge r a d i u s  of t h e  
left f i n  is 0.1143 an w h i l e  t h e  r i g h t  f i n  r a d i u s  
is 0.0762 an. The l e a d i n q  e d q e  r a d i u s  and b a s e  

The w i n g - t i p  f i n s  are formed from f l a t -  

- -  
t h i c k n e s s  are c o n s t a n t  f rom root t o  t i p  
f i n .  

S e v e r a l  i d e n t i c a l  models  were made 
c h a r r i n g  of t h e  model m a t e r i a l  o c c u r r e d  
areas of h i g h  h e a t i n g  after a number of 

Scope  of Tests 

The tests were c o n d u c t e d  i n  air i n  
L a n g l e y  31-Inch Hach 10 Tunnel .  The models  were 
t e s t e d  i n  two f l o w  e n v i r o n m e n t s  c h a r a c t e r i z e d  by 
f r  est earn Reynolds  n mbe s (NRe,m) of 1.64 x 
IO' m-' and  3.28 x IO' m-'. Most of t h e  h e a t i n g  
tests were made a t  be 
w i t h  a n g l e s  of a t t a c k  from 2 0  t o  40 d e g r e e s  i n  
5 - d e g r e e  i n c r e m e n t s .  A more l i m i t e d  number of 
o i l - f l o w  tests were made. The test c o n d i t i o n s  
a r e  summarized i n  T a b l e  1. 

= 3.28 x IO6 m - l  

on e a c h  

s i n c e  
i n  
tests. 

t h e  

H e a t - T r a n s f e r  Measurement Technique  

The phase-chanqe  p a i n t  t e c h n i q u e  was used  t o  

T h i s  t e c h n i q u e  employs a series 
d e t e r m i n e  t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  for  t h i s  
series of tests. 
of p a i n t s  t h a t  melt, or c h a n g e  p h a s e ,  a t  known 
t e m p e r a t u r e s .  T y p i c a l l y ,  a t h i n  coat of opaque  
l i g h t - c o l o r e d  p a i n t  is s p r a y e d  on a d a r k - c o l o r e d  
model. The p a i n t  becomes t r a n s p a r e n t  when melt- 
e d .  Knowledge of t h e  model m a t e r i a l  p r o p e r t i e s ,  
t h e  time r e q u i r e d  to  melt t h e  p a i n t ,  and t h e  
p a i n t  m e l t - t e m p e r a t u r e  p r o v i d e s  s u f f i c i e n t  i n f o r -  
mat ion  t o  d e t e r m i n e  t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  
a t  a p a r t i c u l a r  l o c a t i o n .  R e f e r e n c e  1 p r e s e n t s  a 
comprehens ive  d i s c u s s i o n  of  t h i s  t e c h n i q u e .  
Those p o r t i o n s  t h a t  a r e  d i r e c t l y  a p p l i c a b l e  t o  
t h i s  s t u d y  are b r i e f l y  d i s c u s s e d  h e r e .  

M a t h e m a t i c a l  r e l a t i o n s  for d e t e r m i n i n g  t h e  
h e a t  t r a n s f e r  c o e f f i c i e n t  can  be  d e r i v e d  from t h e  
e q u a t i o n s  g o v e r n i n g  t r a n s i e n t  o n e - d i m e n s i o n a l  
h e a t  c o n d u c t i o n  i n t o  a s e m i - i n f i n i t e  s l a b .  These 
d e r i v e d  r e l a t i o n s  a r e  

- 
where  T =  

and 6 = - a t  or v 
The model m a t e r i a l  
u s u a l l y  d e t e r m i n e d  

B 2  
1 - e erfc 6 

Tpc  - Ti 

Taw - T i  
( 2 )  

p r o p e r t i e s  p a r a m e t e r d p c k  is 
e x D e r i m e n t a l l v  bv u s e  of t h e  . .  

h e a t i n g  d e v i c e  d e s c r i b e d  i n  Ref. 2. 
was i n o p e r a t i v e  a t  t h e  t i m e  of t h e s e  tests; 

T h i s  d e v i c e  

W-sec1I2 
t h e r e f o r e ,  a v a l u e  of 1596 was used  

s i n c e  t h i s  v a l u e  was r e c e n t l y  d e t e r m i n e d  f o r  

2 



o t h e r  models  t h a t  were cast from t h e  same b a t c h  
of  s t y c a s t  material and by t h e  same c r a f t s m e n .  
E q u a t i o n s  (1 )  and (2)  were used  t o  d e t e r m i n e  6 ,  
and t h e  t ime  t r e q u i r e d  t o  melt t h e  p a i n t  a t  a 
p a r t i c u l a r  l o c a t i o n  was d e t e r m i n e d  from mot ion-  
p i c t u r e  f i l m  exposed  d u r i n g  a test. 
a d i a b a t i c  w a l l  t e m p e r a t u r e  i n  e q u a t i o n  ( 2 )  was 
o b t a i n e d  from 

The 

(4) 

which assumes  a c o n s t a n t  p r o p e r t y ,  l a m i n a r  bound- 
a r y  l a y e r  flow c o n d i t i o n .  
T t  was o b t a i n e d  from wind- tunnel  t h e r m o c o u p l e s ,  
and  t h e  model i n i t i a l  t e m p e r a t u r e  T i  was 
measured  by a t h e r m o c o u p l e  imbedded i n  t h e  
model. Enough t i m e  was a l l o w e d  between tests for 
T i  t o  r e t u r n  t o  t h e  ambient  t e m p e r a t u r e .  

The t o t a l  t e m p e r a t u r e  

For  a p a r t i c u l a r  test, a p a i n t  was s e l e c t e d  
w i t h  a phase-change  t e m p e r a t u r e  t h a t  would a l l o w  
t h e  d a t a  t o  be o b t a i n e d  b e f o r e  t h e  t h e r m a l  
d i f f u s i o n  time was exceeded  i n  a p a r t i c u l a r  
s e c t i o n  of t h e  model w a l l .  T h i s  r e q u i r e m e n t  
d e r i v e s  from a boundary c o n d i t i o n  imposed by t h e  
o r i g i n a l  s e m i - i n f i n i t e  s l a b  a p p r o x i m a t i o n .  

The m o t i o n - p i c t u r e  camera used  t o  r e c o r d  t h e  
d a t a  was o p e r a t e d  a t  a r a t e  of  10 f r a m e s  p e r  
s e c o n d .  A s t r o b o s c o p i c  lamp was used  t o  i l l u m i -  
n a t e  t h e  model ,  and t h e  p u l s e  rate was s y n c h r o -  
n i z e d  w i t h  t h e  camera f r a m i n q  rate. C o n t i n u o u s  
o p e r a t i n g  h i g h - i n t e n s i t y  lamps can  add a s i g n i f i -  
c a n t  r a d i a n t  h e a t  l o a d  t o  t h e  model. '  

Hea t  T r a n s f e r  Data  R e d u c t i o n  

From imaaes  r e c o r d e d  on mot ion  p i c t u r e  f i l m .  
t h e  boundary  between m e l t e d  and unmel ted  p a i n t  a t  
a p a r t i c u l a r  time d u r i n g  a test was s u p e r i m p o s e d  
on an o u t l i n e  of  t h e  model. T h i s  boundary r e p r e -  
s e n t s  a c o n t o u r  l i n e  of c o n s t a n t  h e a t i n g  rate 
t h a t  is d e t e r m i n e d  by t h e  h e a t - t r a n s f e r  measure-  
ment t e c h n i q u e  p r e v i o u s l y  d i s c u s s e d .  A t  a la ter  
tes t  time t h e  new melt boundary ,  r e p r e s e n t i n g  a 
lesser h e a t i n g  r a t e ,  was a l s o  super imposed  o n t o  
t h e  model o u t l i n e ,  and so on,  u n t i l  a h e a t i n g -  
r a t e  c o n t o u r  map of  t h e  s u r f a c e  of i n t e r e s t  was 
o b t a i n e d .  The a r e a  between two c o n t o u r  l i n e s  h a s  
h e a t i n g  rates t h a t  have upper  and lower limits 
d e f i n e d  by t h e  two l i n e s .  
h e r e  are i n  terms of t h e  h e a t - t r a n s f e r  coef f i -  
c i e n t  ( h )  t h a t  h a s  been n o n d i m e n s i o n a l i z e d  by t h e  
t h e o r e t i c a l  s t a g n a t i o n - p o i n t  h e a t - t r a n s f e r  
c o e f f i c i e n t  (h,) for  a 1- f t  r a d i u s  s p h e r e  a t  
t h e  model scale and test c o n d i t i o n s .  
r a t e ,  q ,  can  be r e l a t e d  t o  t h e  h e a t - t r a n s f e r  
c o e f f i c i e n t  by: 

The d a t a  p r e s e n t e d  

The h e a t i n g  

4 = h(Taw-T) (5) 

where  T is  t h e  local s u r f a c e  t e m p e r a t u r e  which is 
g i v e n  by t h e  m e l t i n g  t e m p e r a t u r e  of  t h e  p h a s e  
c h a n g e  p a i n t  for t h e  p a r t i c u l a r  test of i n t e r e s t .  

The p h a s e  c h a n g e  d a t a  r e d u c t i o n  t e c h n i q u e  is  
a p p l i c a b l e  t o  a l l  a r e a s  on t h e  fuselage. How- 
e v e r ,  t h e  a s s u m p t i o n  of a t h i c k - b o d y  c a n  be  
v i o l a t e d  on t h i n  sections such  a5 wings  and 
f i n s .  R e f e r e n c e  3 p r o v i d e s  a method of comput ing  
c o r r e c t i o n  factors for  t h e  effect of t h i n  model 
s e g m e n t s .  A g e n e r a l  a s s e s s m e n t  was made of 
c o r r e c t i o n  factors r e q u i r e d  for d i f f e r e n t  areas 
of t h e  wings  and f i n s  r a t h e r  t h a n  making d e t a i l e d  
c a l c u l a t i o n s  t o  d e t e r m i n e  c o r r e c t e d  h e a t i n g  
d i s t r i b u t i o n s .  Thermal  d i f f u s i o n  time, which 
depends  on material p r o p e r t i e s  and t h i c k n e s s ,  and  
t h e  p h a s e  change  p a i n t  m e l t  time a t  t h e  same 
c h o r d w i s e  and s p a n w i s e  l o c a t i o n s  are t h e  key 
p a r a m e t e r s  used  t o  d e t e r m i n e  t h e  correct! on  
factors. Wing windward s u r f a c e  p h a s e  c h a n g e  
p a i n t  m e l t i n g  u s u a l l y  o c c u r r e d  earlier t h a n  on 
t h e  w i n g ' s  l e e w a r d  s u r f a c e  for a g i v e n  a x i a l  a n d  
s p a n w i s e  l o c a t i o n .  T h i s  r e s u l t e d  i n  t h e  wing 
windward s u r f a c e  c o r r e c t i o n  f a c t o r  v a r y i n g  from 
1.0 by o n l y  a few p e r c e n t  a t  some l o c a t i o n s  so 
t h a t  e s s e n t i a l l y  no c o r r e c t i o n  is r e q u i r e d  for  
t h e  wing windward s u r f a c e  h e a t i n g  d a t a  i n  t h i s  
r e p o r t .  C o r r e c t i o n  factors for d i f f e r e n t  areas 
on  t h e  wing u p p e r  s u r f a c e  are p r e s e n t e d  i n  F i g .  
2. The numbers shown on each  p o r t i o n  of  t h e  wing 
r e p r e s e n t  a v e r a g e  c o r r e c t i o n  factors for  t h e  
i n d i c a t e d  areas. S h o r t  melt times n e a r  t h e  wing 
l e a d i n g  e d g e  r e s u l t e d  i n  o n l y  a s m a l l  c o r r e c t i o n  
t o  t h e  s e m i - i n f i n i t e  s l a b  d a t a  o b t a i n e d  t h e r e .  A 
p r o g r e s s i v e l y  l a r g e r  change  is r e q u i r e d  i n  
a p p r o a c h i n g  t h e  w i n g - t i p  and t h e  t r a i l i n g  e d g e  
d u e  t o  a c o m b i n a t i o n  of low t h e r m a l  d i f f u s i o n  
times and l o n g  melt times. However, t h e r e  are 
some cases i n  t h e  d a t a  where wing l e e w a r d  s u r f a c e  
p h a s e  c h a n g e  m e l t i n g  o c c u r r e d  v e r y  r a p i d l y  i n  
r e s p o n s e  t o  h i g h  h e a t i n g  rates i n  c o n f i n e d  
r e g i o n s  e x t e n d i n g  from f o r w a r d  wing l o c a t i o n s  t o  
t h e  t r a i l i n g  edge .  I n  s u c h  cases, t h e  c o r r e c t i o n  
f a c t o r  which s h o u l d  b e  used  o v e r  t h e  e x t e n t  of 
t h e  c o n t o u r  is more n e a r l y  e q u a l  t o  t h e  correc- 
t i o n  factor a f f e c t i n g  its most f o r w a r d  p o s i t i o n  
a s  d e t e r m i n e d  from F i q .  2. S i n c e  t h e  c o r r e c t i o n  
factor v a r i e s  o v e r  t h e  wing u p p e r  s u r f a c e ,  it is 
n o t  e v i d e n t  t h a t  t h e  l e e s i d e  h e a t i n q  d i s t r i b u t i o n  
is r e p r e s e n t e d  by t h e  i s o t h e r m  c o n t o u r  map. 
p r o v i d e  a "quick  look"  r e p r e s e n t a t i o n  of t h e  
h e a t i n g  d i s t r i b u t i o n ,  t h e  d a t a  on t h e  r i g h t - h a n d  
wing were d i g i t i z e d  and m u l t i p l i e d  by t h e  a p p r o -  
p r i a t e  c o r r e c t i o n  f a c t o r .  From t h e s e  d a t a ,  a few 
c o n s t a n t  h/ho c o n t o u r  l i n e s  were t h e n  s k e t c h e d  
o n t o  t h e  r i g h t - h a n d  wing. Areas of t h e  wing t h a t  
are shaded  i n d i c a t e  r e g i o n s  where t h e  p a i n t  d i d  
n o t  melt so t h a t  o n l y  t h e  v a l u e  of h/ho at  t h e  
melt boundary is i n d i c a t e d .  The d a t a  were 
s y m m e t r i c a l  w i t h  r e s p e c t  t o  t h e  l e f t  and r i g h t  
wings ;  t h e r e f o r e ,  t h e  view of  t h e  l e f t  wing 
p r e s e n t s  t h e  o r i g i n a l  u n c o r r e c t e d  i s o t h e r m  
c o n t o u r  map. A c o n s t a n t  c o r r e c t i o n  f a c t o r  of 0.4 
was found t o  be a r e p r e s e n t a t i v e  v a l u e  f o r  t h e  
t h i n  t i p - f i n  s e c t i o n s ,  and t h i s  c o r r e c t i o n  h a s  
been  made t o  t h e  c o n t o u r  d a t a  shown i n  t h e  
a p p r o p r i a t e  f i g u r e s .  

To 

F a c t o r s  a f f e c t i n g  d a t a  a c c u r a c y  a r e  
d i s c u s s e d  a t  l e n g t h  i n  Ref. 1 .  These  factors are 
too numerous and v a r i a b l e  t o  e l a b o r a t e  on i n  t h i s  
p a p e r  b u t  i n c l u d e  model i n j e c t i o n  time, t i m e  a t  
which d a t a  is r e a d ,  d i f f e r e n c e  i n  i n i t i a l  t emper-  
a t u r e  and phase-change  t e m p e r a t u r e ,  known v a l u e  
of Tpc, model m a t e r i a l  p r o p e r t i e s ,  and d e t e r m i -  
n a t i o n  of i n i t i a l  time of h e a t i n g  ( t = O ) .  Model 
i l l u m i n a t i o n ,  camera v i e w i n g  a n g l e ,  and t h e  
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h e a t i n g  g r a d i e n t  o v e r  a p a r t i c u l a r  s u r f a c e  area 
were a l so  found t o  a f f e c t  t h e  a c c u r a c y  w i t h  which 
t h e  d a t a  c o u l d  be  r e a d  from t h e  f i l m .  O t h e r  
t y p e s  of h e a t i n g  d a t a  are n o t  p r e s e n t l y  a v a i l a b l e  
f o r  t h i s  c o n f i q u r a t i o n ;  however ,  t h e r e  are d a t a  
for t h e  e x t e n s i v e l y  s t u d i e d  Space  S h u t t l e  O r b i t e r  
c o n f i q u r a t i o n .  One r e c e n t  set of phase-change  
h e a t i n g  tests u s i n g  t h e  s h u t t l e  c o n f i g u r a t i o n  i n  
t h e  same f a c i l i t y  and o v e r  t h e  same test r a n g e  as 
t h e  p r e s e n t  tests showed t h a t  t h e  phase-change  
d a t a  compared t o  w i t h i n  5 p e r c e n t  of t h e o r e t i c a l  
v a l u e s  and similar thermocouple  ( t h i n - s k i n )  d a t a  
o v e r  most of t h e  model l e n g t h  a l o n g  t h e  windward 
  enter line.^ Data a l o n g  t h e  windward c e n t e r l i n e  
of  t h e  p r e s e n t  model are c o n s i d e r e d  t o  be of 
s i m i l a r  a c c u r a c y  s i n c e  model material and l e n g t h ,  
f a c i l i t y ,  test r a n g e ,  equipment .  and t e c h n i c a l  
p e r s o n n e l  were t h e  same i n  both  cases. I n  o f f -  
c e n t e r l i n e  r e g i o n s  and on l e e w a r d  s u r f a c e s  where 
h e a t i n g  is less u n i f o r m ,  however ,  t h e  d a t a  a r e  
e x p e c t e d  t o  be  less a c c u r a t e .  T r a d i t i o n a l l y ,  
h e a t - t r a n s f e r  d a t a  w i t h  a c c u r a c i e s  b e t t e r  t h a n  2 0  
p e r c e n t  h a v e  been d i f f i c u l t  t o  o b t a i n  u n d e r  s i m i -  
l a r  c i r c u m s t a n c e s .  Because  t h e  f i l m  r e a d - u p  
p h a s e  of t h e  p r e s e n t  d a t a  r e d u c t i o n  is somewhat 
s u b j e c t i v e ,  a c c u r a c i e s  b e t t e r  t h a n  t h i s  p r o b a b l y  
s h o u l d  n o t  be  c l a i m e d .  F u r t h e r m o r e ,  h e a t i n g  d a t a  
on t h e  wing l e e s i d e  and on t h e  w i n g - t i p  f i n s  
s h o u l d  be  c o n s i d e r e d  q u a l i t a t i v e  r a t h e r  t h a n  
q u a n t i t a t i v e .  Use of t h e  m u l t i p l y i n g  f a c t o r s  
from F i g .  2 ,  however ,  p r o v i d e s  a t  least  some 
d e g r e e  of q u a n t i t a t i v e  r e s u l t s .  P a i n t  melt 
o c c u r s  too soon after model i n j e c t i o n  for p r a c t i -  
cal d a t a  r e a d - u p  on t h e  n o s e  and l e a d i n g  e d g e s  of 
t h e  wings  and f i n s .  

Oi l -F low T e c h n i q u e  and  D a t a  R e d u c t i o n  

O i l - f l o w  tests were r u n  w i t h  t h e  same r e d  
S t y c a s t  model used  i n  t h e  p h a s e  change  p a i n t  
e x p e r i m e n t s .  The o i l  is a m i x t u r e  of Dow C o r n i n g  
c l e a r  s i l i c o n  f l u i d  and L i q u i t e x  Artist O i l  Color 
( Z i n c  E v e r w h i t e ) .  
f l u i d s  w i t h  v i s c o s i t i e s  of 10 c e n t i s t o k e s  ( c s )  50 
cs, 100 cs, 200 cs, and 350 cs. A t h i n  b a s e  coat 
o f  clear 1 0  cs f l u i d  was b r u s h e d  o n t o  a l l  p a r t s  
of  t h e  model ,  e x c e p t  t h e  windward s u r f a c e s  a t  
v e r y  h i g h  a n g l e s  of a t t a c k ,  t o  act as a l u b r i c a n t  
f o r  t h e  o i l  m i x t u r e s .  The m i x t u r e s  were a p p l i e d  
t o  t h e  model by r a p i d l y  s t r o k i n g  t h e  end of a 
small, s t i f f ,  o i l - l a d e n e d  b r u s h  w i t h  t h e  fore- 
f i n g e r  t o  p r o d u c e  a t h i c k  a r r a y  of white s p o t s  on 
t h e  m o d e l ' s  s u r f a c e .  O i l  m i x t u r e s  of d i f f e r e n t  
v i s c o s i t i e s  were used  on d i f f e r e n t  p a r t s  of  t h e  
model i n  a c c o r d a n c e  w i t h  local s u r f a c e  s h e a r .  
The low v i s c o s i t y  10 cs m i x t u r e  was used  on lee- 
ward s u r f a c e s  where flow s e p a r a t i o n  o c c u r s  and on  
t h e  i n s i d e  of t h e  t i p  f i n .  It was a l so  u s e d  i n  
c o m b i n a t i o n  w i t h  t h e  50 cs m i x t u r e  on t h e  t i p  f i n  
e x t e r i o r  s u r f a c e  and on t h e  s i d e  f u s e l a g e  above  
t h e  wing. 
wing l e e s i d e  a t t a c h e d  flow r e g i o n .  Both 50 cs 
and 100 cs m i x t u r e s  were used  on t h e  s i d e  f u s e -  
l a g e  ahead  of  t h e  wing. The h i g h  v i s c o s i t y  200 
cs and 350 cs m i x t u r e s  were used  almost e x c l u -  
s i v e l y  on windward areas. The t h i c k n e s s  of t h e  
b a s e  coat as well as t h e  correct r a t io  o f  o n e  
m i x t u r e  t o  a n o t h e r  on a g i v e n  p o r t i o n  of t h e  
model must  be  d e t e r m i n e d  e x p e r i m e n t a l l y .  

M i x t u r e s  were p r e p a r e d  u s i n g  

The 50 cs m i x t u r e  was r e q u i r e d  on  t h e  

Wind-Tunnel D e s c r i p t i o n  

The Lanqley  31-Inch Mach 10 Tunnel  
( f o r m e r l y ,  t h e  C o n t i n u o u s  Flow H y p e r s o n i c  T u n n e l )  
was u s e d  for t h e  test series r e p o r t e d  h e r e .  A 
test time of a t  least 30 s e c o n d s  was a v a i l a b l e .  
The t u n n e l  u s e s  d r y  a i r  which is h e a t e d  to  t h e  
t o t a l  t e m p e r a t u r e  by electrical r e s i s t a n c e  h e a t -  
ers. A f i x e d  geometry ,  t h r e e - d i m e n s i o n a l ,  
c o n t o u r e d  n o z z l e  w i t h  a 31- inch  (0 .79  m) s q u a r e  
test s e c t i o n  p r o v i d e s  a nominal  Mach number of 
IO. The u s a b l e  test core v a r i e s  f rom 30.5 cm 
s q u a r e  a t  ke,.. = 1.31 x IO6 m - l  t o  36.8 an 
s q u a r e  a t  NR~,.. = 7.87 x IO6 m- ' .  
s i d e w a l l - m o u n t e d  i n j e c t i o n  s y s t e m  r e q u i r e ?  
a p p r o x i m a t e l y  0 .5  sec to  i n j e c t  t h e  model t o  t h e  
s t r e a m  c e n t e r l i n e .  A more d e t a i l e d  d e s c r i p t i o n  
o f  t h i s  f a c i l i t y  can  be  found i n  Ref. 5. 

The 

D i s c u s s i o n  of R e s u l t s  

Model o u t l i n e s  w i t h  c o n t o u r s  r e p r e s e n t i n g  
l i n e s  of c o n s t a n t  h e a t  t r a n s f e r  c o e f f i c i e n t  were 
o b t a i n e d  by t h e  phase-change  p a i n t  t e c h n i q u e .  
These  h e a t - t r a n s f e r  c o e f f i c i e n t  c o n t o u r  maps are 
p r f s e n t e d  i n  F i g s .  3-7 for  ke,- 3.28 x IO6 
m- and a n g l e s  of a t t a c k  of 20,  25. 30, 35, and 
40 d e g r e e s .  Figul;e E l p r e s e n t s  c o n t o u r  d a t a  for 
NRe,- 7 1.64 x 10 and a = 30 d e g r e e s .  
Each f i g u r e  ( 3  t h r o u g h  8) h a s  t h r e e  p a r t s ;  ( a )  
bo t tom view,  ( b )  s i d e  view,  and ( c )  t o p  view. 
Some a r e a s  of t h e  model e x p e r i e n c e d  h e a t i n g  rates 
t h a t  were too h i g h  t o  be  r e c o r d e d  by t h e  phase-  
c h a n g e  p a i n t  t e c h n i q u e .  These  areas were t h e  
n o s e ,  t h e  l e a d i n g  e d g e s  of  t h e  wing, and wing t i p  
f i n s .  Al though h e a t i n g  v a l u e s  were n o t  o b t a i n e d  
for  t h e s e  a r e a s ,  it s h o u l d  be  k e p t  i n  mind t h a t  
t h e  v a l u e s  w i l l  be  h i g h e r  t h a n  any  o t h e r  v a l u e s  
shown i n  t h e  f i g u r e s .  Based on c h a r r i n g  of t h e  
model material, one  of t h e  r e g i o n s  of h i g h e s t  
h e a t i n g  o c c u r r e d  where t h e  bow shock  impinged o n  
t h e  l e a d i n g  edge  of t h e  wing a t  a b o u t  113 semi- 
s p a n .  Some r e g i o n s  of t h e  wing and t i p  f i n s  were 
too  t h i n  t o  a l l o w  t h e  s e m i - i n f i n i t e  s l a b  a p p r o x i -  
m a t i o n  as r e q u i r e d  by t h e  h e a t i n g  a n a l y s i s  u s e d  
h e r e .  Recall t h a t  m u l t i p l y i n g  factors a r e  
s u p p l i e d  i n  F i g .  2 t o  correct for  v a l u e s  i n  t h e s e  
r e g i o n s .  Because  of s p a c e  l i m i t a t i o n s  h e r e ,  n o t  
a l l  of  t h e  h e a t i n g  c o n t o u r  f i g u r e s  w i l l  b e  
d i s c u s s e d .  Some of t h e  p r o m i n e n t  h e a t i n g  
f e a t u r e s  w i l l  be  d i s c u s s e d  a l o n g  w i t h  t h e  
p r e s e n t a t i o n  of r e l a t e d  oil-flow r e s u l t s  i n  t h e  
f o l l o w i n g  p a r a g r a p h s .  

m- 

S u r f a c e  flow v i s u a l i z a t i o n  u s i n g  t h e  o i l -  
flow t e c h n i q u e  was per formed t o  a i d  i n t e r p r e t a -  
t i o n  of t h e  p h a s e  change  p a i n t  h e a t i n g  c o n t o u r s .  
A series of o i l - f l o w  p h o t o g r a p h s  showing s u r f a c e  
f low p a t t e r n s  t h a t  are r e p r e s e n t a t i v e  of  t h e  
low and t h e  h i g h  a n g l e s  of a t t a c k  used  i n  t h e  
p r e s e n t  s t u d y  a r e  i n c l u d e d .  Direct c o m p a r i s o n s  
be tween oi l - f low p a t t e r n s  and p h a s e  change  p a i n t  
h e  t i n  c o n t o u r s  o b t a i n e d  a t  NRe,w = 3.28 x IO6 
m-' ar: p r e s e n t e d .  F i g u r e s  9 ( a )  and 9 ( b )  show 
windward s u r f a c e  oil-flow p a t t e r n s  on t h e  c i r c u -  
l a r  body v e h i c l e  a t  a = 25" and No, r e s p e c t i v e -  
l y .  Similar s u r f a c e  f l o w  p a t t e r n s  e x i s t  on t h e  
m o d e l ' s  f o r w a r d  f u s e l a g e  a t  b o t h  a n g l e s  of a t t a c k  
e x c e p t  for  t h e  e x p e c t e d  g r e a t e r  flow d i v e r g e n c e  
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a t  a = 40". Major d i f f e r e n c e s  i n  t h e  o i l  flow 
can  be  s e e n  on t h e  wing windward s u r f a c e  i n  t h e s e  
two f i g u r e s .  E f f e c t s  of shock  i n t e r a c t i o n s  are 
e v i d e n t  a t  a = 25" i n  t h e  form of  s t r e a k s  and 
o t h e r  i r r e g u l a r i t i e s  i n  t h e  o i l  f l o w ,  b u t  t h e  
r e s u l t s  a t  a = 40" show a u n i f o r m  s u r f a c e  flow 
p a t t e r n .  O i l - f l o w  f e a t u r e  "A" i d e n t i f i e d  i n  b o t h  
F i g s .  9 ( a )  and 9 ( b )  shows s u r f a c e  p a t t e r n s  
a s s o c i a t e d  w i t h  f o r m a t i o n  of t h e  wing shock .  The 
r e s u l t a n t  l a r g e  p r e s s u r e  g r a d i e n t  t u r n s  t h e  local 
f l o w  i n b o a r d  t o  a g r e a t e r  d e g r e e  a t  a = 25' t h a n  
a t  a = 40" .  The l a b e l  V'' i n  F i g .  9 ( a )  marks t h e  
l o c a t i o n  of t h e  bow-shock/wing-shock 
i n t e r s e c t i o n .  

T h e r e  a r e  no o b v i o u s  shock  i n t e r a c t i o n  
e f f e c t s  on t h e  wing lower s u r f a c e  a t  u = 40" 
b e c a u s e  t h e  i n c r e a s e d  shock  l a y e r  t h i c k n e s s  a t  
h i g h  i n c i d e n c e  d e c r e a s e s  t h e  i n t e n s i t y  of  t h e  
i n t e r a c t i o n  and b l e n d s  t h e  t r a n s m i t t e d  e f f e c t s  
i n t o  t h e  g e n e r a l  f l o w f i e l d  b e f o r e  r e a c h i n g  t h e  
s u r f a c e .  The l o c u s  of p o i n t s  d e f i n i n g  a n  
e x p a n s i o n  f a n ,  f e a t u r e  "C," a t  a = 25" i n  F i g .  
9 ( a )  c a n  be s e e n  r a d i a t i n g  i n b o a r d  and downstream 
f rom t h e  shock  i n t e r s e c t i o n  on t h e  wing l e a d i n g  
edqe .  Close e x a m i n a t i o n  of t h e  o i l  f l o w  r e v e a l s  
t h a t  t h e  g e n e r a l l y  i n b o a r d  s u r f a c e  f l o w  d i r e c -  
t i o n s  ahead  of  f e a t u r e  "C" are t u r n e d  i n  a more 
downstream or s l i g h t l y  o u t b o a r d  d i r e c t i o n  a f t  of  
i t .  T h i s  is t h e  r e s u l t  of flow e x p a n s i o n  n e a r  
t h e  s u r f a c e  which may be  c a u s e d  by J Type V I  
shock  i n t e r a c t i o n  a s  d e f i n e d  i n  Ref. 6 .  The 
e x p a n s i o n  f a n  d i s s i p a t e s  well o u t b o a r d  of t h e  
m o d e l ' s  windward c e n t e r l i n e  a s  it a p p r o a c h e s  t h e  
symmetry p l a n e  flow. 

F e a t u r e  'ID" i n  F i g .  9 ( a )  a l s o  o r i g i n a t e s  a t  
t h e  bow-shock/wing-shock i n t e r a c t i o n  on t h e  wing 
l e a d i n g  e d g e ,  and i t  a p p e a r s  t o  be a v o r t e x - l i k e  
r e a t t a c h m e n t .  S u r f a c e  flow o u t b o a r d  of  'ID" 
t r a v e l s  i n  a s t r e a m w i s e  and s l i g h t l y  o u t b o a r d  
d i r e c t i o n  p a r a l l e l  t o  t h e  r e a t t a c h m e n t  l i n e ,  
w h e r e a s  flow i n s i d e  of f e a t u r e  "D" i m m e d i a t e l y  
t u r n s  i n b o a r d .  A s m a l l  s p a n w i s e  segment  of t h e  
wing o u t b o a r d  of f e a t u r e  ' I D "  is o c c u p i e d  by 
a l t e r n a t i n g  l i q h t  and d a r k  s t r e a k s  i n  t h e  o i l  
f low.  T h i s  band o f  s t r e a k s ,  i d e n t i f i e d  a s  
f e a t u r e  "E" i n  F i g .  9 ( a ) ,  can  be t r a c e d  f o r w a r d  
t o  t h e  wing l e a d i n q  edqe  i n  t h e  v i c i n i t y  of t h e  
bow-shock/wing-shock i n t e r s e c t i o n .  These  s t r e a k s  
may r e s u l t  from embedded v o r t i c e s  which a r e  
induced  by larqe p r e s s u r e  g r a d i e n t s  p r o p a g a t i n g  
downstream from t h e  shock  i n t e r s e c t i o n  s i m i l a r  t o  
t h a t  which was o b s e r v e d  on an e a r l y  s h u t t l e  
o r b i t e r  c o n f i g u r a t i o n  (Ref .  7 ) .  F e a t u r e s  "C," 
' ID," and "E" d i s a p p e a r e d  f o r  u > 30" and t h e y  are 
n o t  p r e s e n t  i n  F i q .  9 ( b ) .  

The  o i l  flows shown i n  F i g s .  9 ( a )  and 9 ( b )  
are t h e  r e s u l t  of  tests at  t h e  same c o n d i t i o n s  a s  
t h e  p h a s e  change  p a i n t  r e s u l t s  p r e s e n t e d  i n  
F i g s .  4 ( a )  and 7 ( a )  f o r  a = 25" and a = 40", 
r e s p e c t i v e l y .  The letter d e s i g n a t i o n s  i n  t h e s e  
f i g u r e s  i n d i c a t e  h e a t i n g  c o n t o u r s  c o r r e s p o n d i n g  
t o  s u r f a c e  f l o w  p a t t e r n s  i d e n t i f i e d  by t h e  same 
letters i n  F i g .  9. F i q u r e  4 ( a )  shows t h a t  t h e r e  
is  a d e c r e a s e  i n  t h e  wing s p a n w i s e  h e a t i n g  across 
t h e  e x p a n s i o n  f a n ,  f e a t u r e  C,  as e x p e c t e d  (Ref .  
8 ) .  The v o r t e x - l i k e  r e a t t a c h m e n t ,  f e a t u r e  D, i n  
F i g .  4 ( a )  p r o d u c e s  v a l u e s  of h /ho  > 0.056 which 
r e p r e s e n t s  a s i g n i f i c a n t  enhancement  o v e r  h e a t i n g  
i n  a d j a c e n t  a r e a s .  The embedded v o r t i c e s  a t  a = 
25", l a b e l e d  "E," a l s o  r e s u l t  i n  l o c a l l y  h i g h e r  

h e a t i n g  as e v i d e n c e d  by f l u c t u a t i o n s  i n  t h e  p h a s e  
c h a n g e  p a i n t  c o n t o u r s  o u t b o a r d  of f e a t u r e  ''D.*t A 
segment  of n e a r l y  c o n s t a n t  h e a t i n g  is  l o c a t e d  
a l o n g  t h e  windward centerline i n  F i g .  4 ( a )  
be tween t h e  m o d e l ' s  o g i v e  f o r e b o d y  and t h e  wing 
which is a p p a r e n t l y  t h e  r e s u l t  o f  a swept  
c y l i n d e r  t y p e  f l o w f i e l d  on t h a t  p o r t i o n  of t h e  
c i r c u l a r  body v e h i c l e .  Also, small r e g i o n s  o f  
r e l a t i v e l y  h i g h  h e a t i n g  are c o n c e n t r a t e d  i n  areas 
where t h e  wing l e a d i n g  e d g e  b l e n d s  w i t h  t h e  
c i r c u l a r  f u s e l a g e .  P e r h a p s  a smoother b l e n d i n g  
of  wing and body c o u l d  r e d u c e  h e a t i n g  i n  t h e s e  
r e g i o n s .  Approximate ly  t h e  same windward c e n t e r -  
l i n e  l o c a t i o n s  e x p e r i e n c e  n e a r l y  c o n s t a n t  h e a t i n g  
a t  a = 40" i n  F i g .  7 ( a )  and t h e  wing-body b l e n d -  
i n g  a l so  p r o d u c e s  s l i g h t l y  e l e v a t e d  h e a t i n g  
rates. 
c o n t o u r s  i n  F i g .  7 ( a )  are almost f e a t u r e l e s s  
e x c e p t  for  t h e  wedge of h i g h e r  h e a t i n g  which 
p r o p a g a t e s  f rom t h e  v i c i n i t y  of  t h e  bow-shock/ 
wing-shock i n t e r a c t i o n  and t h e  wing-shock 
f o r m a t i o n .  

The r e m a i n d e r  of t h e  p h a s e  change  

Flow r e a t t a c h m e n t  which o c c u r s  above t h e  
wing is  an a r e a  of i n t e r e s t  on t h e  m o d e l ' s  s i d e  
f u s e l a g e .  F i g u r e s  1 0 ( a )  and 1 0 ( b )  show t h e  
a s s o c i a t e d  oi l - f low p a t t e r n s  a t  a = 25" and 4O0, 
r e s p e c t i v e l y .  The r e a t t a c h m e n t  l o c a t i o n s  a t  
t h e s e  two a n g l e s  of a t t a c k  are i n d i c a t e d  by t h e  
dashed  l i n e s .  Rea t tachment  b e q i n s  j u s t  a f t  o f  
t h e  concave  segment  which b l e n d s  t h e  wing and 
f u s e l a g e ,  and it o c c u r s  h i q h e r  on t h e  s i d e  f u s e -  
l a g e  w i t h  i n c r e a s i n g  a n g l e  of a t t a c k .  A c l e a r l y  
d e f i n e d  r e a t t a c h m e n t  l o c a t i o n  was n o t  d e t e c t e d  
a f t  o f  t h e  dashed  l i n e s .  The s e p a r a t i o n  l i n e  
which forms t h e  upper  boundary of t h e  
r e a t t a c h m e n t - r e l a t e d  upwash p a t t e r n  a t  a f t  l o c a -  
t i o n s  on t h e  model is f o r c e d  f a r t h e r  downward 
o n t o  t h e  s i d e  f u s e l a g e  i n  F i q .  1 0 ( b )  t h a n  i n  
F i g .  1 0 ( a )  due t o  a more complex l e e w a r d  f u s e l a g e  
flow p a t t e r n  a t  h i g h  a n g l e s  of  a t t a c k .  Also i n  
F i g .  1 0 ( b ) ,  t h e  a f t  p o r t i o n  of t h e  s i d e  f u s e l a g e  
r e a t t a c h m e n t  p a t t e r n  is  b o r d e r e d  by a Docket of 
f l o w  w i t h  upward and s t r e a m w i s e  components  l o c a t -  
e d  above  t h e  wing n e a r  t h e  m o d e l ' s  b a s e .  T h i s  
f l o w  a l s o  i n f l u e n c e s  winq l e e w a r d  s u r f a c e  
p a t t e r n s  t h a t  w i l l  be  d i s c u s s e d  la ter .  F i g u r e  
1 0 ( a )  shows what a p p e a r s  t o  be  a similar b u t  much 
smaller f l o w  p o c k e t  a t  a = 25". 
of o i l - f low p a t t e r n s  on t h e  m o d e l ' s  s i d e  f u s e l a g e  
a t  a = 40" is shown i n  F i g .  l O ( c ) .  
s i g n i f i c a n t  d i f f e r e n c e  i n  f o r w a r d  f u s e l a g e  o i l -  
flow p a t t e r n s  a t  lower a n g l e s  of  a t t a c k  compared 
t o  t h o s e  shown h e r e  is a d e c r e a s e  i n  t h e  i n c l i n a -  
t i o n  of s u r f a c e  flow d i r e c t i o n s  w i t h  r e s p e c t  t o  
t h e  m o d e l ' s  a x i s .  

An o v e r a l l  view 

The o n l y  

F i g u r e s  4 ( b )  and 7 ( b )  show p h a s e  c h a n g e  
p a i n t  h e a t i n g  c o n t o u r s  on t h e  s i d e  f u s e l a g e  and 
t i p  f i n  of  t h e  model a t  a = 25" and 40" ,  r e s p e c -  
t i v e l y .  
r e a t t a c h m e n t  above t h e  wing e x t e n d  t o  t h e  end o f  
t h e  model i n  F i g .  4 ( b ) ,  b u t  n o t  i n  F i g .  7 ( b ) ;  
t h a t  is, p a i n t  d i d  n o t  melt i n  t h e  a f t  r e g i o n .  
T h i s  may be p a r t i a l l y  due  t o  t h e  a f t  c o n s t r i c t i o n  
of t h e  r e a t t a c h m e n t  flow p a t t e r n  a t  a = 40" shown 
i n  F i g .  1 0 ( b ) .  The v e r t i c a l  p lacement  of peak 
h e a t i n g  i n  t h e  c o n t o u r s  above  t h e  wing i n  F i g .  
7 ( b )  c l e a r l y  i n d i c a t e s  a rise i n  t h e  l o c a t i o n  of 
t h e  s i d e  f u s e l a g e  r e a t t a c h m e n t  a t  a = 40" 
compared t o  t h a t  f o r  a = 25" i n  F i g .  4 ( b ) ,  i n  
agreement  w i t h  t h e  o i l - f low a n a l y s i s .  H e a t i n g  o n  
t h e  o u t b o a r d  s u r f a c e  of t h e  t i p  f i n  is h i g h l i g h t -  

S i d e  f u s e l a g e  c o n t o u r s  c a u s e d  by f l o w  
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e d  by a n a r r o w  c o r r i d o r  of  l o c a l l y  enhanced  h e a t -  
i n g  t h a t  is  o r i e n t e d  d i a g o n a l l y  upward acrass t h e  
s t r u c t u r e  a t  an a n g l e  t h a t  becomes l a r g e r  w i t h  
i n c r e a s i n g  a n g l e  of a t t a c k .  H e a t i n g  w i t h i n  t h i s  
c o r r i d o r  a t  a = 40" a p p e a r s  t o  be  a p p r o x i m a t e l y  
twice t h a t  f o r  a = 25". 

Oil-flow p a t t e r n s  on t h e  t i p - f i n  o u t b o a r d  
s u r f a c e  p r e s e n t e d  i n  F i g s .  I l ( a )  and l l ( b )  
c o r r e s p o n d  t o  t h e  p h a s e  change  r e s u l t s  of  F i g s .  
4 ( b )  ( a  = 25")  and 7 ( b )  (a = W " ) ,  r e s p e c t i v e l y .  
These  d a t a  show t h a t  t h e  c o r r i d o r  of l o c a l l y  
e n h a n c e d  h e a t i n g  is c a u s e d  by v o r t e x  r e a t t a c h -  
ment. The r e a t t a c h m e n t  l i n e  l e a v e s  t h e  t i p - f i n  
t r a i l i n g  e d g e  a t  46 p e r c e n t  of  its span  for a = 
25" and a t  77  p e r c e n t  of span  f o r  a = 40" .  
a r e  t h e  same l o c a t i o n s  i n d i c a t e d  by t h e  p h a s e  
c h a n g e  measurements  i n  F i g s .  4 ( b )  and 7 ( b ) .  The 
r e a t t a c h m e n t  o r i g i n a t e s  lower on t h e  t i p  f i n ' s  
l e a d i n g  e d g e  a t  lower a n g l e s  of a t t a c k  and it may 
b e  c a u s e d  by impingement  of  t h e  wing shock .  Flow 
above  t h e  r e a t t a c h m e n t  l i n e  sweeps a f t  and 
upward. Below t h e  r e a t t a c h m e n t  l i n e  f l o w  t u r n s  
i n  a s t r e a m w i s e  and s l i g h t l y  downward d i r e c t i o n .  
The downward-moving f l o w  s e p a r a t e s  n e a r  t h e  b a s e  
of  t h e  t i p  f i n  upon e n c o u n t e r i n g  upward-moving 
f l o w  from t h e  wing windward s u r f a c e .  These  
r e a t t a c h m e n t  oi l - f low p a t t e r n s  are similar t o  
t h o s e  found on a proposed  t i p - f i n  c o n f i g u r a t i o n  
f o r  t h e  Space  S h u t t l e  O r b i t e r  i n  Ref. 9. 

T h e s e  

L e e s i d e  o i l - f low p a t t e r n s  for  a = 25" are 
shown i n  F i g .  1 2 ( a )  and t h o s e  for  a = 40" a r e  i n  
F i g .  1 2 ( b ) .  (Keep i n  mind t h a t  t h e  wing u p p e r  
s u r f a c e  h a s  been m o d i f i e d  from t h e  c h o r d  l i n e  t o  
t h e  t r a i l i n g  edge  on t h i s  model ;  see "Models" 
s e c t i o n .  The f l o w  may be d i f f e r e n t  t o  some 
e x t e n t  on t h e  t r u e  wing s h a p e . )  I n  both  c a s e s ,  a 
s i n y l e  v o r t e x  p a i r  p r o d u c e s  flow r e a t t a c h m e n t  on 
t h e  m o d e l ' s  l e e w a r d  c e n t e r l i n e .  The r e a t t a c h m e n t  
e x t e n d s  o v e r  e s s e n t i a l l y  t h e  e n t i r e  l e n g t h  of  t h e  
model a t  a = 25". A t  a = 40" ,  a v e r y  complex 
l e e s i d e  s e p a r a t e d  f l o w  p a t t e r n  t h a t  was ment ioned  
w t h  r e g a r d  t o  F i g .  1 0 ( b )  t e r m i n a t e s  t h e  v o r t e x  
r c a t t a c h m e n t  n e a r  x/L = 0.7. The l a c k  of o i l  
movement a f t  of  x/L = 0 . 7  i n  F i g .  12 is i n d i c a -  
t i v e  of  low s h e a r  a s s o c i a t e d  w i t h  t h e  s e p a r a t e d  
flow d o m i n a t i n g  t h a t  p o r t i o n  of t h e  f u s e l a g e .  
Wing l e e w a r d  s u r f a c e  o i l - f l o w  p a t t e r n s  i n  F i g s .  
1 2 ( a )  and 1 2 ( b )  a r e  g r e a t l y  d i f f e r e n t .  T h e r e  is 
a l a r g e  area of a t t a c h e d  f l o w  a t  a = 25" and an 
e q u a l l y  l a r g e  a r e a  of f low s e p a r a t i o n  w i t ?  
i n t r i c a t e  r e a t t a c h m e n t  p a t t e r n s  a t  a = 40 . 

F i g u r e s  1 3 ( a )  and l 3 ( b )  show c l o s e u p  
p h o t o g r a p h s  of t h e  wing l e e s i d e  oi l - f low r e s u l t s  
a t  a = 25" and 40", r e s p e c t i v e l y .  
wedge of s l i g h t l y  o u t b o a r d  flow close t o  t h e  
f u s e l a g e  i n  F i g .  1 3 ( a )  is a r e s u l t  of t h e  v o r t e x  
which c a u s e s  t h e  s i d e  f u s e l a g e  r e a t t a c h m e n t  shown 
i n  F i g .  1 0 ( a ) .  A l i n e  of flow s e p a r a t i o n  d i v i d e s  
t h e  wedge-shaped a r e a  from a t t a c h e d  flow emmanat- 
i n g  from t h e  wing l e a d i n g  edge .  T h e r e  is an 
a d d i t i o n a l  s e p a r a t i o n  at t h e  a f t  end of  t h e  
wedge-shaped area c a u s e d  by i n t e r a c t i o n  w i t h  
forward-moving flow o r i g i n a t i n g  n e a r  t h e  m o d e l ' s  
b a s e .  
a t i o n  c a u s i n g  flow r e a t t a c h m e n t  b e g i n n i n g  n e a r  
t h e  w i n g ' s  m i d - s e c t i o n  i n  F i g .  1 3 ( a )  which 
t r a v e l s  o u t b o a r d  a s  it moves downstream. T h e r e  
is a p o c k e t  of r e v e r s e d  flow c a u s e d  by flow 
r e a t t a c h m e n t  n e a r  t h e  wing t r a i l i n g  e d g e  j u s t  
i n b o a r d  of t h e  t i p  f i n .  Also. a d i s t u r b a n c e  i n  

The s l e n d e r  

T h e r e  a p p e a r s  t o  be a shock- induced  s e p a r -  

the  wing u p p e r  s u r f a c e  flow p a t t e r n  c a n  be s e e n  
i n  t h e  v i c i n i t y  of t h e  t i p - f i n  l e a d i n g  edge .  The 
oi l - f low test at  a = W " ,  shown i n  F ig .  1 3 ( b ) ,  
r e v e a l s  a t r u n c a t e d  wedge-shaped area of o u t f l o w  
from t h e  s i d e  f u s e l a g e  v o r t e x  which b o r d e r s  w i t h  
a small r e g i o n  of a t t a c h e d  flow from t h e  i n b o a r d  
p o r t i o n  of t h e  wing l e a d i n g  edge .  A f t  of t h e s e  
a r e a s ,  a v e r y  l a r g e  p a t t e r n  of g e n e r a l l y  f o r w a r d  
moving flow r a d i a t e s  from a flow r e a t t a c h m e n t  
p o i n t  n e a r  t h e  wing t r a i l i n g  edge .  The i n b o a r d  
component  of  t h i s  p a t t e r n  is t h e  source of t h e  
s i d e  f u s e l a g e  flow p o c k e t  p r e v i o u s l y  shown i n  
F i g .  1 0 ( b ) .  Flow r e a t t a c h m e n t  a l s o  o c c u r s  on t h e  
wing u p p e r  s u r f a c e  n e a r  t h e  t i p  f i n .  Flow from 
t h i s  f e a t u r e  forms a s e p a r a t i o n  l i n e  where it 
meets outward  flow from t h e  l a r g e  i n b o a r d  
r e a t t a c h m e n t  p a t t e r n .  The o u t b o a r d  r e a t t a c h m e n t  
a l s o  d i r e c t s  flow f o r w a r d  t o  a s e p a r a t i o n  l i n e  
a f t  of t h e  wing l e a d i n g  edge .  

F i g u r e  14 shows c l o s e u p  p h o t o g r a p h s  of o i l -  
flow p a t t e r n s  on t h e  t i p - f i n  i n b o a r d  s u r f a c e  and  
on t h e  a d j a c e n t  upper  s u r f a c e  of t h e  wing. Flow 
r e a t t a c h m e n t  on t h e  o u t t o u n d  segment  of t h e  wing 
t r a i l i n g  e d g e  a t  a = 2 5  i n  F i g .  1 4 ( a )  i n f l u e n c e s  
flow on t h e  lower a f t  p o r t i o n  of t h e  t i p  f i n .  
S e p a r a t i o n  o c c u r s  upon m e e t i n g  t h e  g e n e r a l l y  
streamwise f l o w  which d o m i n a t e s  t h e  t i p - f i n  
i n b o a r d  s u r f a c e  a t  low t o  m o d e r a t e  a n g l e s  of 
a t t a c k .  The w i n g - t i p  r e a t t a c h m e n t  d e s c r i b e d  i n  
F i g .  1 3 ( b )  for a = 40" is shown t o  o r i g i n a t e  on 
t h e  t i p - f i n  i n b o a r d  s u r f a c e  i n  F i g .  1 4 ( b )  where  
a p p r o x i m a t e l y  o n e - h a l f  of t h e  t i p - f i n  area is 
o c c u p i e d  by t h i s  f l o w  p a t t e r n .  The u p p e r  p o r t i o n  
of t h e  t i p  f i n  s t i l l  r e t a i n s  a t t a c h e d  flow which 
j o i n s  t h e  r e a t t a c h m e n t  f l o w  p a t t e r n  a l o n g  a s e p a -  
r a t i o n  l i n e  r u n n i n g  d i a g o n a l l y  a c r o s s  t h e  
s t r u c t u r e .  

Phase  change  p a i n t  h e a t i n g  c o n t o u r s  on t h e  
m o d e l ' s  u p p e r  f u s e l a g e  and wings  are p r e s e n t e d  i n  
F i g s .  4 ( c )  and 7 ( c )  f o r  a = 25" and 40", r e s p e c -  
t i v e l y .  The c o r r e s p o n d i n g  oi l - f low p a t t e r n s  were 
p r e s e n t e d  i n  F i g .  12. H e a t i n g  on t h e  u p p e r  f u s e -  
l a g e  a t  b o t h  a n g l e s  of a t t a c k  is c h a r a c t e r i z e d  by 
two l o c a l  maxima due t o  v o r t e x  r e a t t a c h m e n t  on 
t h e  l e e w a r d  c e n t e r l i n e ,  one n e a r  x/L = 0.2 and 
t h e  o t h e r  much f a r t h e r  a f t .  R e f e r e n c e  1 0  demon- 
s t r a t e d  a close r e l a t i o n s h i p  between a x i a l  v a r i a -  
t i o n s  i n  s u r f a c e  f l o w  d i r e c t i o n s  a s s o c i a t e d  w i t h  
t h e  u p p e r  f u s e l a g e  v o r t e x  r e a t t a c h m e n t ,  o b t a i n e d  
from oi l - f low measurements ,  and t h e  d i s t r i b u t i o n  
o f  h e a t i n g  a l o n g  t h e  l e e w a r d  c e n t e r l i n e .  Accord- 
i n g  t o  t h e  r e s u l t s  of t h a t  s t u d y ,  l o c a l  h e a t i n g  
i n c r e a s e s  as t h e  local outward  s u r f a c e  flow 
d i r e c t i o n  on t h e  upper  f u s e l a g e  becomes l a r g e r .  
An e x a m i n a t i o n  of  l e e w a r d  f u s e l a g e  s u r f a c e  f l o w  
d i r e c t i o n s  i n  F i g s .  I 2 ( a )  and 1 2 ( b )  show t h a t  t h e  
local h e a t i n g  maxima i n  F i g s .  4 ( c )  and 7 ( c )  obey 
t h e  same r e l a t i o n s h i p .  The h e a t i n g  peak n e a r  x/L 
= 0.2 a t  b o t h  25" and 40" a n g l e  of a t t a c k  corres- 
ponds t o  a r e g i o n  where t h e r e  a r e  r e l a t i v e l y  
l a r g e  a n g l e s  between t h e  o i l - f l o w  s u r f a c e  d i r e c -  
t i o n s  and t h e  l e e w a r d  c e n t e r l i n e .  A s h o r t  
d i s t a n c e  a f t  of  t h i s  r e g i o n  t h e  s u r f a c e  flow 
d i r e c t i o n s  become more n e a r l y  p a r a l l e l  t o  t h e  
l e e w a r d  c e n t e r l i n e ,  which s h o u l d  t r a n s l a t e  i n t o  a 
d e c r e a s e  i n  local h e a t i n g .  T h i s  is  s u p p o r t e d  by 
t h e  l a c k  of m e l t i n g  i n  t h e  p h a s e  c h a n g e  p a i n t  i n  
F i g .  4 ( c )  and 7 ( c )  i m m e d i a t e l y  a f t  of t h e  i n i t i a l  
h e a t i n g  peak.  S u r f a c e  flow d i r e c t i o n s  for  a = 
25" i n  F i g .  1 2 ( a )  t h e n  rise s l o w l y  and s t e a d i l y  
u n t i l  a c h i e v i n g  a s e c o n d  local maximum d i v e r g e n c e  



from t h e  l e e w a r d  c e n t e r l i n e  close t o  x/L = 0.8. 
T h i s  c o r r e s p o n d s  t o  t h e  l o c a t i o n  of t h e  s e c o n d  
u p p e r  f u s e l a g e  h e a t i n g  peak i n  F i g .  4 ( c ) .  
40', there is a similar c o r r e s p o n d e n c e  between 
t h e  s e c o n d  local maximum i n  flow a n g l e  i n  F i g .  
1 2 ( b )  and t h e  second h e a t i n g  peak i n  F i g .  7 ( c )  
n e a r  x/L = 0.6. Wing h e a t i n g  c o n t o u r s  i n  F i g .  
4 ( c )  show t h a t  flow r e a t t a c h m e n t  r e s u l t i n g  from 
shock- induced  s e p a r a t i o n  o b s e r v e d  i n  o i l  f l o w  
n e a r  t h e  w i n g ' s  m i d - s e c t i o n  a t  a = 25" r e s u l t s  i n  
a r e l a t i v e l y  h i g h  h e a t i n g  rate o v e r  t h e  a f f e c t e d  
a r e a .  T h e r e  is also a s u g g e s t i o n  t h a t  somewhat 
enhanced  h e a t i n g  l e v e l s  are c a u s e d  by f l o w  
r e a t t a c h m e n t  on t h e  wing t r a i l i n g  edge  n e a r  t h e  
f u s e l a g e  and t h e  t i p  f i n .  
e x i s t  o v e r  t h e  i n b o a r d  c e n t r a l  p o r t i o n  of t h e  
wing u p p e r  s u r f a c e .  H e a t i n g  rates a t  f o r w a r d  
l o c a t i o n s  on t h e  wing close t o  t h e  f u s e l a g e  a t  a 
= 40" i n  F i g .  7 ( c )  are e l e v a t e d  a p p a r e n t l y  due  t o  
o u t f l o w  from t h e  s i d e  f u s e l a g e  v o r t e x .  Undula- 
t i o n s  i n  i s o t h e r m s  5 and 6 n e a r  t h e  wing t r a i l i n g  
e d g e  may reflect t h e  i n f l u e n c e  of  flow r e a t t a c h -  
ment n o t e d  a t  t h e  same l o c a t i o n  i n  F i g .  1 3 ( b ) .  
Also, t h e  n o t c h  i n  i s o t h e r m  number 6 n e a r  t h e  
c e n t e r  of t h e  wing p l a n f o r m  seems t o  be  r e l a t e d  
t o  t h e  nar row slice of  a t t a c h e d  f l o w  which 
t h r u s t s  i n  t h e  a f t  d i r e c t i o n  between t h e  complex 
s e p a r a t e d  r e g i o n  flow p a t t e r n s  n e a r  t h e  mid-span 
i n  F i g .  1 2 ( b )  and 1 3 ( b ) .  

F i g u r e  8 p r e s e n t s  examples  of h e a l i n g  
c o n t o u r  d a t a  f o r  N R ~  = 1.64 x IO6 m- i n s t e a d  
o f  3.28 x IO6 m - l .  
d e g r e e s  and c a n  be compared t o  F i g .  5 .  A t  a 
p a r t i c u l a r  l o c a t i o n  on t h e  windward s i d e ,  h/ho 
i s  o n l y  s l i g h t l y  less a t  t h e  lower Reynolds  
number. Evidence  of wing windward s u r f a c e  
" s t r e a k "  h e a t i n g  is more p r e v a l e n t  a t  t h e  h i g h e r  
Reynolds  number, however. The h i a h e r  Reynolds  
number d a t a  i n  F i g .  5 ( c )  show two a r e a s  of h i g h e r  
l o c a l i z e d  h e a t i n g  on t h e  f u s e l a g e  l e e w a r d  c e n t e r -  
l i n e  t h a t  a r e  n o t  s e e n  i n  t h e  lower Reynolds  
number d a t a  i n  F i g .  8 ( c ) .  

A t  a = 

Very low h e a t i n g  rates 

t h i s  d a t a  is f o r  a = 30 

Data  p r e s e n t e d  i n  t h e  p r e v i o u s  f i g u r e s  
p r o v i d e  d e t a i l e d  i n f o r m a t i o n  a b o u t  h e a t i n g  and 
s u r f a c e  flow o v e r  most of t h e  model .  Compar isons  
and t r e n d s  i n  d a t a  can  be b e t t e r  i l l u s t r a t e d  i n  
g r a p h i c a l  form,  however. F i g u r e s  1 5  t h r o u g h  20 
p r o v i d e  t n i s  i n f o r m a t i o n .  L e e s i d e  h e a t i n g  a l o n g  
t h e  f u s e l a g e  c e n t e r l i n e  is r e p r e s e n t e d  i n  F i g .  15 
a s  a f u n c  i o n  of  a n g l e  of a t t a c k  a t  N R ~ , . .  = 
3.28 x IO' m - l .  The i n f l u e n c e  of  a on h e a t i n g  
l e v e l  can  be  s e e n  t o  v a r y  d e p e n d i n g  on t h e  a x i a l  
l o c a t i o n .  Also, t h e  l o c a t i o n  and magni tude  of 
l o c a l  "hot  s p o t s "  as s e e n  i n  t h e  h e a t i n g  c o n t o u r  
d a t a  ( f o r  example F i g .  6 ( c )  a r e  d e t e r m i n e d  by t h e  
a n g l e  of  a t t a c k .  Regions  of x/L w i t h o u t  p l o t t e d  
d a t a  i n d i c a t e  t h a t  h e a t i n g  was i n s u f f i c i e n t  to 
melt t h e  phase-change  p a i n t .  For  t h e  same test 
c o n d i t i o n s ,  F i g .  16 d e p i c t s  h e a t i n g  a l o n g  t h e  
windward c e n t e r l i n e .  
s t r o n g l y  a f u n c t i o n  of a, t h e  v a l u e s  d e c r e a s e  
s h a r p l y  i n  t h e  nose  r e g i o n  and a g a i n  i n  t h e  wing 
r e g i o n  b u t  a r e  n e a r l y  c o n s t a n t  o v e r  t h e  c y l i n d r i -  
c a l  s e c t i o n .  To p u t  t h e s e  d a t a  i n  p e r s p e c t i v e ,  
c o n s i d e r  t h e  compar ison  of  windward c e n t e r l i n e  
h e a t i n g  on t h e  p r e s e n t  c o n f i g u r a t i o n  (CBV) and 
t h e  Space  S h u t t l e  O r b i t e r  c o n f i g u r a t i o n  shown i n  
F i g .  17. The O r b i t e r  d a t a  were o b t a i n e d  by t h e  
same t e c h n i q u e ,  i n  t h e  same wind t u n n e l ,  and at  
t h e  same test c o n d i t i o n s  e x c e p t  for  a d i f f e r e n c e  
of 2 d e g r e e s  i n  a n g l e  of a t t a c k .  The models  were 

Al though h / h o  is q u i t e  

made of t h e  same material and t h e  l e n g t h s  were 
a p p r o x i m a t e l y  t h e  same. The v a l u e  of  tio b a s e d  
on  a s p h e r e  d i a m e t e r  s c a l e d  t o  e a c h  f u l l - s i z e  
v e h i c l e  is p r e s e n t e d  i n  each  case so t h a t  d i f f e r -  
e n c e s  i n  model scale were a c c o u n t e d  for. A 
t h e o r e t i c a l  p r e d i c t i o n  is also i n c l u d e d  f o r  t h e  
O r b i t e r  h e a t i n g .  
have  n e a r l y  t h e  same magni tude  and d i s t r i b u t i o n  
of n o n d i m e n s i o n a l i z e d  windward c e n t e r l i n e  h e a t -  
i n g .  A similar compar ison  of  lateral  h e a t i n g  
d i s t r i b u t i o n  a t  x/L = 0.4 is shown i n  F i g .  18. 
I n  t h i s  f i g u r e ,  t h e  o f f - c e n t e r  h e a t i n g  v a l u e s  are 
compared t o  t h e  r e s p e c t i v e  c e n t e r l i n e  v a l u e  for 
each  c o n f i g u r a t i o n .  
d a t a  were t a k e n  d i r e c t l y  from Ref. 11, and t h e  
CBV h e a t - t r a n s f e r  c o e f f i c i e n t  d a t a  were c o n v e r t e d  
t o  q by u s e  of  Eq. 5 for  d i r e c t  compar ison .  The 
CBV c o n f i g u r a t i o n  is c y l i n d r i c a l  a t  t h i s  a x i a l  
l o c a t i o n  and t h e  h e a t i n g  d e c r e a s e s  away from t h e  
c e n t e r l i n e  as e x p e c t e d .  Because  of t h e  O r b i t e r  
wing g l o v e ,  or s t r a k e ,  t h e  r e l a t i v e l y  small 
c o r n e r  r a d i u s  r e s u l t s  i n  an i n c r e a s e  i n  h e a t i n g  
be tween t h e  c e n t e r l i n e  and o u t e r  e d g e  of t h e  
v e h i c l e .  

The CBV and S h u t t l e  O r b i t e r  

The O r b i t e r  h e a t i n g  rate 

C i r c u m f e r e n t i a l  h e a t i n g  d i s t r i b u t i o n s  a round 
t h e  CBV body a t  x/L = 0.2 and 0.6 are shown i n  
F i g s .  19 and 20,  r e s p e c t i v e l y  for t h r e e  a n g l e s  of 
a t t a c k .  A t  x/L = 0.2,  c o r r e s p o n d i n g  t o  t h e  o g i v e  
n o s e  s e c t i o n ,  t h e  windward h e a t i n g  i n c r e a s e s  w i t h  
a n g l e  of  a t t a c k  and d e c r e a s e s  w i t h  d i s t a n c e  from 
t h e  windward c e n t e r l i n e .  I n  t h e  r e g i o n  of b l e n d -  
i n g  of t h e  wing and body (x /L  = 0.6)  t h e  CBV 
c r o s s - s e c t i o n  is somewhat S h u t t l e - l i k e  and t h e  
h e a t i n g  i n c r e a s e s  between t h e  windward c e n t e r l i n e  
and t h e  wing-g love  e d g e  as s h o r n  i n  F ig .  20. 
H e a t i n g  on t h e  l e a d i n g  e d g e  of t h e  wing-glove,  as 
on t h e  l e a d i n g  e d g e  of t h e  wing, c o u l d  n o t  be  
d e t e r m i n e d  by t h e  phase-change  p a i n t  t e c h n i q u e  
s i n c e  p a i n t  melt times were much too s h o r t  t o  b e  
u s e f u l .  Based on F i g s .  17  t h r o u g h  20,  h e a t i n g  on 
t h e  p r o p o s e d  f u l l - s c a l e  CBV would n o t  be  
d r a m a t i c a l l y  d i f f e r e n t  from t h a t  e x p e r i e n c e d  by 
t h e  p r e s e n t  S h u t t l e  O r b i t e r ,  so t h a t  e x i s t i n g  
t h e r m a l  p r o t e c t i o n  s y s t e m s  may be  a d e q u a t e  for 
most of t h e  s t r u c t u r e .  Of c o u r s e ,  l e a d i n g  e d g e  
h e a t i n g  v a l u e s  were n o t  o b t a i n e d  i n  t h i s  s t u d y  
b u t  g e o m e t r i c  s i m i l a r i t y  between CBV and S h u t t l e  
wings  would s u g g e s t  t h a t  t h e  wing l e a d i n g  edge  
h e a t i n g  would n o t  be v a s t l y  d i f f e r e n t  between t h e  
two c o n f i g u r a t i o n s .  H e a t i n g  a l o n g  t h e  l e a d i n g  
edge  of  t h e  wing t i p  f i n s  was of  i n t e r e s t  b u t  
a l s o  c o u l d  n o t  be  d e t e r m i n e d  i n  t h e s e  tests. 
R e f e r e n c e  12 r e p o r t s  a h e a t - t r a n s f e r  s t u d y  t h a t  
was c a r r i e d  o u t  on a m o d i f i e d  S h u t t l e  O r b i t e r  
c o n f i g u r a t i o n  w i t h  a wing t i p  f i n .  The tests 
were made i n  a shock  t u n n e l  and t h i n - f i l m  resist- 
a n c e  t h e r m o m e t e r s  were used  t o  i n f e r  h e a t i n g  
r a t e .  
e d g e  h e a t i n g  was found t o  be on t h e  o r d e r  of  f i v e  
times t h e  maximum h e a t i n g  on t h e  s i d e s  of t h e  
f i n .  However, l e a d i n g  e d g e  h e a t i n g  d e c r e a s e d  
w i t h  i n c r e a s i n g  a n g l e  of  a t t a c k .  Wing shock  
impingement  was found t o  be  a major s o u r c e  of 
t i p - f i n  l e a d i n g  e d g e  h e a t i n g .  Because  of 
geometric similarities, CBV t i p - f i n  l e a d i n g  e d g e  
h e a t i n g  is  p r o b a b l y  s u b j e c t  t o  similar 
r e l a t i o n s h i p s .  

A t  Mach 10 and a = 28" ,  t i p - f i n  l e a d i n g  
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Conclusions 'Black, L. H. and Cuffel, R. 3 . ,  "Changes i n  
Heat Transfer fran Turbulent Boundary Layers 
Interacting w i t h  Shock Waves and Expansion 
Waves," A I A A  Journal, Vol. 8, No. IO, pp, 
1871-1873, October 1970. 

Space Shuttle Orbiter Tip-Fin  Controller," NASA 
TM 86276, 1984. 

A 0.0055-scale model of a single-stage-to- 
orb i t  transport vehicle w i t h  a c i rcu lar  body 
configuration was tested a t  Mach 10 t o  obtain 
heat t ransfer  measurements and surface flow 
patterns.  
t h e  following concluding remarks are made. 

Based on the r e su l t s  of these tests, 'Helms, Vernon T. 111, " O i l  Flow Study of 

Maximun heating occurred on the nose and 
leading edges of the wing and t i p  f in s ,  as 
expected, b u t  values were not obtained for these 
areas because paint melt times were too short .  
When s ize  was accounted for,  the magnitude and 
d is t r ibu t ion  of heat-transfer coefficient along 
the windward centerline of the CBV were v e r y  
similar t o  that obtained on the Space S h u t t l e  
Orbiter. Windward centerline heating decreased 
w i t h  decreasing angle o f  attack, b u t  the d i s t r i -  
bution remained relatively constant. Forward of 
t h e  w i n g ,  windward heating decreased rapidly 
off-centerline i n  the spanwise direction. Wing 
windward heating d is t r ibu t ions  were similar t o  
the Shuttle Orbiter i n  the sense that chordwise 
streaks o f  higher heating were evident at  lower 
angles of attack (25-deg) b u t  were not evident a t  
high angles o f  attack (40-deg). Oil-flow studies 
revealed a complicated leeside flowfield w i t h  
flow separation, vortices,  and reattachment that 
resulted i n  localized hot spots on the upper 
fuselage. Overall, however, heating was su f f i -  
ciently similar to the Space Shuttle Orbiter 
under  the same conditions to  suggest that  ex is t -  
ing thermal protection systems may be adequate 
for  use on the proposed CBV. 
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T a b l e  1. Scope of tests i n  Langley  31-Inch Mach-IO Tunnel .  

Mol 

- 

10.02 
9.86 

a Tests Pt Tt NRf?.- * ho 

( k P a )  (K) ( m - l l  ( D e q r e e s )  W/cm2K Heat T r a n s f e r  O i l  Flow 

4964.2 1000 3 . 2 8 ~ 1 0 ~  2 0 , 2 5 , 3 0 , 3 5 , 4 0  0.110 X X 
2413.2 1000 1 . 6 2 ~ 1 0 ~  30 0.080 X 

( a )  Photoqraph  o f  s t y c a s t  model .  

F i q .  1 Wind t u n n e l  model o f  proposed  s i n q l e -  
s t a g e - t o - o r b i t ,  c i r c u l a r  body v e h i c l e .  ( c )  S i d e  v iew d r a w i n g .  

F i q .  1 C o n t i n u e d .  

A 
I 

Section A-A 

( b )  Top view d r a w i n g .  

F i q .  1 C o n t i n u e d .  

\ i  n 

( d )  Rear  v iew drawing .  

F i g .  1 Concluded .  
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Baly  Fin 
Isotherm h'ho h'ho 

1 .0391 .0334 
2 .0276 .0218 
3 .OD6 .0160 
4 .0175 
5 .0148 
6 . OU4 
7 . 0104 

( b )  Side view. 

Fig. 3 Continued. 

Fig. 2 Wing u per surface multiplying factors, f 
for h/Eo I 

Isotherm , 

1 
2 
3 
4 
5 
6 
7 
8 

h/ ho 
.0999 
.0706 
.677 
.0500 
. w 7  
.0378 
.0316 
.E77 

(a) Bottom view. 
Fig. 3 Heat-transfer coefficient contour map of 

mo el at M = 10, N R ~ , ~  = 3.28 x 10" 
m- , and a = 20 deg. El 

Isotherm h /  ho ( h /  ho)/  f 

1 .027 .Om 
2 .012 .02u 1 

2 3 <.008 .01M 
3 4 c.006 .0122 
4 5 .m5 .01m 
6 6 <.m3 .m 
7 7 <.@I2 .m83 

.m77 - 8 
f - 1 on fuselage 

3 5 

( h /  h o ) /  f h/  ho 

(c) Top view. 
Fig. 3 Concluded. 
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C -  

Isotherm h/ h, 

reattachment 
( a )  Bottom view. 

F i 3 .  4 Heat- transfer  c o e f f i c i e n t  contour map of 
move1 a t  M = 10, 
m- , and a = 25 deg. 

= 3.28 x IO6 

.~~~ . . ~  

4 .0170 .0152 
5 .0143 .OU7 
6 .Ol25 -0111 

(b )  Side  v iew.  

F i g .  4 Continued. 

Isotherm h /  ho ( h /  ho)/ f 

1 .031 .OM8 
2 .olz .OM1 
3 <.008 .01% 
4 .006 .om 
5 4.006 .0110 
6 C.004 .0097 
7. 4.002 
f = 1 on fuselage 

- 

4 
6 

( h /  ho)/ f h/  h, 
( c )  Top view. 

Fig.  4 Concluded. 

( a )  Bottom view. 

h/ h, 
.1746 
.1008 
.0781 
.OW 
.E52 

F i g .  5 Heat- transfer  c o e f f i c i e n t  contour y p  of 
mo e l  a t  M = IO, ke,.= = 3.28 x 10 
m-', and a = 30 deg. 

Body Fin 
Isotherm hl h, hl h, 

1 .ob84 .ma 
2 .wz .mu 
3 .0279 .0176 
4 . a 1 6  .0154 
5 . OlK3 
6 .OE3 ' 
7 n i u  4757 67 7 

3 
4 

(b )  Side  view. 
F i g .  5 Continued. 

Isotherm h /  ho (h/  ho)/ f 

1 .OM -0401 
2 .010 .0284 
3 4.008 .OB2 
4 4.006 .0164 
5 .005 .OB4 
6 <.ooQ .0116 
7 c.002 .OlM 
f = 1 on fuselage 

5 5 

( h /  ho)/ f h /  h, 
( c )  Top view. 

F i g .  5 Concluded. 

1 1  



, 

h/ ho 
.1462 
.1133 
.0957 
.0801 
.0703 

Fig. 6 Heat-transfer coefficient contour rap of 
moqel at M IO, 
m - - ,  and a = 35 deg. 

= 3.28 x 10 

Body Fin 
Isotherm h/ho h/h, 

1 .0376 .0392 
2 .0266 .0248 
3 .0?17 .0210 
4 .0168 . O M  
5 .0142 
6 .0119 
7 .01M 

-4 
(h) Side view. 9 

Fiq. 6 Continued. 

Isotherm h /  ho ( h /  ho) /  f 

1 .017 .0332 
2 .010 .0192 
3 e.007 .0148 
4 <.MI5 .0125 
5 .005 .0105 
6 <.004 .0092 
7 ' -.002 

f = 1 on fuselage 

- 

5 

( h / h o ) / f  h /  ho 
(c) Top view. 

Fiq. 6 Concluded. 

h/ ho 
.2126 
.1503 
.1227 
.1063 
.0951 
.0868 
.0803 

(a) Bottom view. 
Fig. 7 Heat-transfer coefficient contour map of 

. 
moflel at M = 10, 
m- , and a = 40 deg. 

= 3.28 x IO6 

Body Fin 
Isotherm h/ho h/h, 

1 .0319 . O M  
2 .0226 

r' 3 -0194 .@42 

( b )  Side vipw. 

Fia. 7 Continued. 

Isotherm h /  ho ( h /  ho) /  f 

1 
2 
3 
4 
5 
6 
7 

I 
2 
5 
6 

.018 

.010 
e. 008 
<.m 
c.004 

.003 

.002 I f = 1 on fuselage 1 

( h /  h o ) /  f h/ ho 
( c )  Trip view. 

Fig. 7 Concluded. 

.0m8 

. o m  

. 01% 

.0n2 

. 0110 

.0097 - 

12 



h/ ho 
.1925 
.1111 
.0861 
.0728 
.0609 
.@34 

Fig.  8 Heat-transfer c o e f f i c i e n t  contour r a p  of 
mo el at  M = IO, N R ~ , -  = 1.64 x 10 
m- , and a = 30 deg.  E' 

Body Fin 
Isotherm h/ho h/h, 

1 .OS90 .0356 
2 .a341 

-0264 .0171 3 
4 .O2B 

F i g .  8 Continued. 

Isotherm h/  h, ( h /  ho)/  f 

1 .w6 .0515 
2 .015 .0297 
3 c.011 .02M 
4 c .09  -0195 
5 .009 .0163 
6 s.006 .0143 
7 <. 003 
f - 1 on fuselage 

5 
4 

( h /  ho)/ f h/  ho 
( c )  Top view.  

F i q .  8 Concluded. 

C-Expansion f a n  

D - V o r t e x  r e a t t a c h m e n t  
f r o m  "B" 

( a )  a = 25 deg.  
F in .  9 Yindwward oi l - f low on CBV model a t  b = 

IO.  NR~,,,, = 3.28 x IO6 m - ' .  



( a )  a = 25 deq. 

Fig .  10 O i l  f l o w  on s i d e  f u s e l a g e g  abpve winq a t  
M = IO, N R ~ , ~  = 3.28 x 10 m . 

(b) a = 40 deq.  

F i g .  10 Continued. 

( c )  Overall  s i d e  view a t  a = 40 deg.  

F i g .  10 Concluded. 
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( a )  a = 25 deq. 

F i g .  11 O i l  flow on winq t i p - f i n  a t  M = IO and 
N R ~ . ~  = 3.28 x IO6 m- ' .  

(b )  a = 40 deg.  

F i g .  11 Concluded  
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( a )  a = 25 deg. ( b )  c = 40 deg. 

Fiq. 12 Oil flow on CBV model leeside at 1.1 = I(! 
and fqRe,m = 3.28 X lo6 ill-’. 

F i g .  13 Wing lees ide o i l  f l o w  a t  M = 10 and 
? I R ~ , ~  = 3.28 x I O b  .-I. 
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F i g .  ! 3  Conclrided 

( a )  a = 25 deg. 

F i g  14 O i l  f l ow  near wing and t i p - f i n  j u n c t u r e  
a t  M = I O ,  kiRe,- = 3 . 2 8  x lo6 m - l .  



( b )  a = 40 deq. 

Fiq. 14 Concluded. 

-05 r 

.02 

-01 

L 

I I I I I J 
0 .2 .4 .6 .8 1.0 

XI L 
F i q .  15 Elondimensionalized heat-transfer 

coefficient on leewar centerline at 
NR~,.. = 3.28 x IO6 m-’, M = IO.  

2 0  fl 
-16 

.08 

.04 

I-\ 

-b -Nose-cylinder 
junct u r e d  , h W i n g  Tun-out 

.2 .4 .6 .8 1.0 0 
XI L 

Fiq. 16 Nondimensionalized heat-transfer 
coefficient on windwa d centerline at 
N R ~ , ~  = 3.28 x IO6 m- 5 , M = IO.  
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CBV configuration 
--o-- P ha se-change paint 

- 
i l l l l " l l l l  

0 .2 .4 .6 .8 1.0 
x I L  

.4 

.2 

(ref. 4) 

'Q ---Fairing 
\M= 10 

- 

- a =  30' 

Fig. 17 Comparison of Space Shuttle Orbiter and 
CBV configurations windward centerline 
heat-transfer coefficient distributions 
at M = 10 and N R ~ , ~  = 1.64 x lo6 m - l .  

w W 
' CBV ho = 0.081 - ) 

c m 2 K  ' Cm2K 
(Shuttle ho = 0.059 - 

0 .O2 .04 .06 .08 .10 .I2 
YIL 

.12 

* 10 

.08 CBV cross section 

.06 

.04 

.02 

0 
h/h 

0 

Fig. 19 

.12 

.10 

.08 

.06 
h/ho 

45 90 135 180 
@, deg 

Nondimensionalized heat-transfer 
coefficient circumferential distribution 
on CBV ogive section at XLL =10.2, 
M = IO; NRe,m = 3.28 x 10 m- . 

I I I 4 
0 45 90 135 180 

0, deg 

Fiq. 18 Comparison of nondimensionalized Fig. 20 Nondimensionalized heat-transfer 
coefficient circumferential distribution 
on CBV at x/L = 0.6, M = IO, N R ~ , ~  = 
3.28 x IO6 m - ' .  

windward heating distribution on Shuttle 
and CEV confiqurations at x/L = 0.4. 


